One of the key benefits of using cochlear implants (CIs) in both ears rather than just one is improved localization. It is likely that in complex listening scenes, improved localization allows bilateral CI users to orient toward talkers to improve signal-to-noise ratios and gain access to visual cues, but to date, that conjecture has not been tested. To obtain an objective measure of that benefit, seven bilateral CI users were assessed for both auditory-only and audio-visual speech intelligibility in noise using a novel dynamic spatial audio-visual test paradigm. For each trial conducted in spatially distributed noise, first, an auditory-only cueing phrase that was spoken by one of four talkers was selected and presented from one of four locations. Shortly afterward, a target sentence was presented that was either audio-visual or, in another test configuration, audio-only and was spoken by the same talker and from the same location as the cueing phrase. During the target presentation, visual distractors were added at other spatial locations. Results showed that in terms of speech reception thresholds (SRTs), the average improvement for bilateral listening over the better performing ear alone was 9 dB for the audio-visual mode, and 3 dB for audition-alone. Comparison of bilateral performance for audio-visual and audition-alone showed that inclusion of visual cues led to an average SRT improvement of 5 dB. For unilateral device use, no such benefit arose, presumably due to the greatly reduced ability to localize the target talker to acquire visual information. The bilateral CI speech intelligibility advantage over the better ear in the present study is much larger than that previously reported for static talker locations and indicates greater everyday speech benefits and improved cost-benefit than estimated to date.
INTRODUCTION
It is well established that the addition of visual information can improve speech understanding in noise, both for listeners with normal hearing and for users of hearing aids and cochlear implants (e.g., Sumby and Pollack 1954; Erber 1972; Summerfield 1979; Desai et al. 2008) . However, in noisy social settings, the locations of participants in conversations differ, and access to visual cues requires the ability to quickly localize each new talker of interest. Favorable orientation toward the target also can improve the signal-to-noise ratio (SNR) at an ear when the head is positioned to act as an acoustic barrier between the noise source and the ear (e.g., Shaw 1974), whereas adverse orientation can degrade SNRs particularly for unilateral listening for which the option to attend either ear is unavailable. One of the two main advantages of using cochlear implants in both ears rather than only one is the ability to localize sound sources (e.g., van Hoesel and Tyler 2003; Nopp et al. 2004; Laszig et al. 2004; Tyler et al. 2007; Grantham et al. 2007; Neuman et al. 2007; Litovsky et al. 2009 ). The other reported benefit is improved speech understanding in noise by attending the better ear when SNRs differ at the two ears, whereas additional benefits from using both ears together are small in cochlear implant (CI) users (e.g., Gantz et al. 2002; Müller et al. 2002; van Hoesel and Tyler 2003; Laske et al. 2009; Schleich et al. 2004; Ramsden et al. 2005; Litovsky et al. 2006 Litovsky et al. , 2009 Ricketts et al. 2006; Buss et al. 2008; Koch et al. 2009; Laszig et al. 2004; Loizou et al. 2009; Culling et al. 2012; see van Hoesel 2011 see van Hoesel , 2012 for overviews) but not in listeners with normal hearing (e.g., Culling et al. 2004; Hawley et al. 2004 ). However, the assessment of speech benefits with bilateral implants to date has been limited to audioonly experiments with known target azimuths. In social settings, noise levels will often be similar at the two ears due to the diffuse nature of the noise and reverberation, which will reduce the better-earlistening benefit available to bilateral CI users. Nevertheless, self-report studies consistently demonstrate subjective preference for bilateral CI use (e.g., Summerfield et al. 2006; Litovsky et al. 2006; Wackym et al. 2007; Laske et al. 2009; Tyler et al. 2009 ) as well as reduced perceived handicap (Noble et al. 2008) in social situations. It seems likely therefore that much of the perceived benefit of bilateral CI use in social settings derives from the greatly improved ability to localize sound sources with two CIs than with only one because it allows listeners to quickly adjust orientation to improve SNR, and perhaps more importantly gain access to visual cues. In contrast, unilateral CI users who cannot localize will be at a substantial disadvantage. To assess that hypothesis, bilateral CI users were tested for speech intelligibility in noise using a novel dynamic spatial audio-visual (AV) test paradigm.
METHODS
Seven experienced bilateral CI users were tested for speech understanding in noise using their own clinical sound processors, under ethical approval by the Royal Victorian Eye and Ear Hospital Human Research Ethics Committee, Melbourne, Australia. Prior to testing, approximate balance of loudness between ears was checked for sound sources directly to the front of the listener to avoid any confounding effect of large mapping mismatches across ears. Tests were administered using a custom-built audio-visual system comprising five computers, four video screens, and ten loudspeakers of which four coincided in azimuth with the video screens (Fig. 1) . All loudspeakers were placed at a distance of 1.7 m from the center of the listener's head measured in absentia, in a mildly reverberant sound-treated room (T60=0.25 s) measuring approximately 6×5×2 m (length×width×height). The four screens were 15 in in diagonal and placed at the same radius and just above the loudspeakers. Target materials were audiovisual recordings of naturally spoken Bamford-KowalBench (BKB) sentences (Bench et al. 1979 ) presented at 65 dB (A-weighted). Each target sentence was randomly selected from four native speakers (two male and two female) of Australian English, and presented from one of the four screen-andloudspeaker locations at ±34°and ±90°. Those four locations were chosen to be spaced relatively evenly across the frontal arc within the constraints of a hemifield of available speakers at about 11°incre-ments in the sound booth. An interfering audio-only (A) noise field was created using continuous dialog from eight additional talkers. Each interfering talker signal was presented from a separate loudspeaker spanning a full 360°circle at 45°increments. The loudspeakers at ±90°therefore potentially presented both target and noise signals. In addition, a rendering of the resulting reverberant noise field as it would be experienced in a large cafeteria (T60=0.6 s, direct-toreverberant ratio=3 dB) was calculated using custom software and additionally presented from the eight loudspeakers spaced at 45°increments. The purpose of the reverberant field was to improve the relevance of the test outcome to everyday listening conditions, given that localization abilities of CI users have been shown to be affected by reverberation (Kerber and Seeber 2013).
On each trial, the audio-only noise sound field was first activated, followed shortly afterward by an audioonly cueing phrase. The cueing phrase consisted of one of four reserved BKB sentences spoken by the same talker, at the same level, and from the same loudspeaker as the subsequent target. The cueing phrase provided information about both direction and talker of the subsequent audio-visual target sentence. After a short interval after completion of the cueing phrase, the AV target sentence was presented. At the same time, video-only distracters depicting the other three talkers were shown on the three non-target screens. None of the audio interferer dialog matched the video distractors. Although that does not usually occur in everyday listening, the primary purpose of the visual distractors was to avoid listeners being able to attend the target source location on the basis of it containing the only active video screen. The relevance of that difference is mitigated by the consideration that the noise signal contained many talkers that were individually presented at relatively low levels, making it likely very difficult for CI users to hear out individual talkers. During each trial, listeners were instructed to turn toward the loudspeaker that presented the audio-only cuing phrase so that they could attend the subsequent audio-visual target sentence from the same location and spoken by the same talker. They were also informed of the fact that the other three screens would be showing videos of the "wrong talkers" during the target sentence. Anecdotal observation of all seven subjects confirmed that they had clearly understood the instructions because they turned in different directions in response to the cueing phrase and then usually held the head position fixed toward the suspected screen while watching the associated video throughout the target sentence.
Intelligibility was assessed using an adaptive procedure that adjusted the total noise level to estimate the SNR that produced 50 % correct responses (SRT50). Each test run measure was derived from presentation of 16 sentences in a test list. Sentences were scored according to the number of target words correct. The initial step size in noise level was 3 dB, which was reduced to 2 dB after six sentences. To ensure that SRTs were reliable indicators of SNR, the noise level during the adaptive procedure was not allowed to drop below 45 dB (A-weighted), corresponding to a SNR of 25 dB. Because the number of available AV test materials was limited and lists were fairly short, the SNR for the first sentence was set to +5 dB, which was for most listeners quite difficult. If less than half the target words were identified in the first sentence, that sentence was repeated while decreasing the noise level in 3 dB steps until that criterion was satisfied. That procedure was used to increase the likelihood that from the second sentence onward SNR levels were likely to be in reasonable proximity of the SRT50 value. The subjects' sound processors were all set to the "everyday listening" setting that does not include noise reduction. Sound field levels in the experiment were chosen to minimize asymmetric activation of fastacting automatic gain controls, which might adversely impact localization abilities. Left, right, and bilateral listening conditions were all assessed two times, once in each of two separate test sessions. For each assessment, SNRs for the last ten sentences in the list were averaged to calculate the SRT50. The SRT50 values from both sessions were averaged to determine the final SRT50 estimate for each condition. During each session, audio-only SRT50 values were also measured for each listening condition using the same procedure, except that visual cues were absent. Additional AV bilateral SRTs were measured in six of the seven listeners using the same procedure as the AV procedure described above, except that in this case, target sentences were always presented from the fixed screen/loudspeaker at −34°and listeners were asked to remain oriented in that direction. The cueing phrase was preserved in the fixed target location assessment to aid listeners in identifying the target talker. The fixed location SRTs served to estimate the best case performance under conditions of perfect localization. Results were analyzed using ANOVA models in the Genstat software package, release version 16.1. Figure 2 shows individual subject outcomes (one panel per subject) for both audio-visual (AV) and audition-alone (A) modes, and for left ear alone, both ears, and right ear alone. Particularly in the audiovisual mode, all seven listeners showed large improvements when using both ears compared to the better outcome with either ear alone, ranging between about 5 and 15 dB in terms of SRT50 reductions. Figure 3 shows the subject-averaged results for each "Ear" (better, bilateral, poorer) and "Mode" (AV, A). Note that in these averages, the better ear was always the one with the better AV score, even though in one subject (G), that was not also the better ear for audition alone. This was done to avoid comparison of monaural AV and A modes for opposite ears in that subject, and its effect on the overall averages is of no consequence to the outcomes discussed. A two-way ANOVA with subject as a random blocking factor was used to evaluate the outcomes and showed significant effects of Ear (better, both, poorer; F 2,30 =68.3; pG0.001) and Mode (AV, A; F 1,30 =4.8; p=0.034), as well as their interaction (F 2,30 =5.8; p=0.007).
RESULTS
The subject-averaged improvement for bilateral listening over the better ear alone was about 9 dB for the AV mode, and 3 dB for audition-alone (5 % LSD=1.7 dB). The significant interaction between Ear and Mode is due to a strong effect of adding visual VAN cues for the bilateral condition, but not for either ear alone. For bilateral device use, the provision of visual cues improved average performance by 5 dB (5 % LSD=1.4 dB), whereas for unilateral listening, performance was unaffected (G0.2 dB) for either ear. Figure 4 shows the extent to which bilateral SRT50 values increased (performance decreased) when target location was variable rather than fixed, plotted as a function of the fixed location SRT50 for all six listeners tested in both conditions. Linear regression analysis shows that the fixed location performance strongly predicts the performance reduction (p=0.002) when location is variable and accounts for 90 % of the variance. However, because performance should not be better with variable locations than for the fixed condition, a more appropriate model with likely an even better fit would comprise a two-part piecewise linear function for which the SRT50 change is restricted to being greater than or equal to zero.
DISCUSSION
The subject-averaged AV results in Fig. 3 show a large bilateral advantage (9 dB) compared to using the better ear alone, which is attributable to a better ability to localize the talker and accordingly orient toward that talker. The advantage over the better ear for audition alone was smaller (about 3 dB), but significant in both cases. While the AV advantage of using both ears was therefore primarily derived from improved access to the correct visual cues, the improvement in SNR due to a more favorable orientation toward the target also played a role. For unilateral listening, the inability to localize resulted in a complete absence of any benefit from adding visual cues when talker location varied. Note that attending the wrong screen as a result of incorrect target localization provides conflicting visual cues that can potentially degrade rather than facilitate AV intelligibility compared to audition alone. That conjecture is supported by spontaneous statements made by some of the participants, as well as comparison of unilateral results that show poorer outcomes for AV than A modes in four of the seven subjects (particularly subject E).
Previous speech studies with bilateral CI users have focused on audition alone with static target locations and show that under those conditions, the main benefit of using both ears is the ability to attend the better performing ear according to head shadow considerations. In the present study, the noise levels at the two ears were comparable, as will often be the case in everyday environments due to diffuse noise and reverberation, so that head-shadow-derived benefits are reduced. For static signal locations, previous 
FIG. 4. Audio-visual SRT50 values for dynamic target locations
plotted against fixed location performance for the six participants who were evaluated in both conditions. labels A-G identify subjects in the same manner as for Fig. 2 . Results show that for subjects who are able to understand AV speech at high noise levels in the fixed target location condition, dynamic target performance increasingly decreases relative to the fixed location result (equivalent performance is shown by the solid line). That is, as expected from the consideration that localization becomes increasingly difficult as SNR decreases. Conversely, for poorer performers who have fixed location SRT50 values that are positive, performance is little affected by varying target location because localization is easier at lower noise levels.
studies have also shown that there is minimal binaural benefit compared to attending the better ear (see the "Introduction" section). In contrast, when target location varies, as in the present study, bilateral device use offers a much larger benefit (over the better ear) due to improved localization, particularly so for audiovisual presentation because localization mediates access to visual cues. These conditions are precisely the ones likely to be encountered in noisy social settings, which may account for the strong preference and reduced perceived handicap with bilateral rather than unilateral device use in such settings, despite the small bilateral benefit over the better ear indicated by previous laboratory speech studies with static target locations. Note that the same reduction in perceived handicap was not seen in bimodal listeners who use CI with a contralateral hearing aid (Noble et al. 2008) , which can be explained by their relatively poor localization abilities compared to bilateral CI users (van Hoesel 2011 (van Hoesel , 2012 . The results from the present study caution against the use of cost-benefit analyses that do not include speech assessments involving dynamic talker location as they are likely to substantially underestimate the everyday benefits in speech understanding and ease of communication with bilateral CIs.
The significant interaction between Ear and Mode (AV versus A) in the current study is due to the finding that presentation of visual target cues improved performance when listening with two ears, but not when listening with only one. That difference is readily understood in terms of the large localization advantage usually available with bilateral implants, which allows listeners to know where to turn to see the required visual information with two ears, but not with one.
Comparison of binaural AV outcomes for fixed and variable target locations (Fig. 4) shows that good performers in the fixed location test, who could tolerate considerably higher high noise levels than poor performers, displayed much less advantage over poor performers when target location was variable. This result suggests that performance in the dynamic task was primarily limited by localization abilities (in noise) that required positive SNRs in the range of a few decibels. For poorer performers, who require positive SNRs in the fixed location task, the dynamic task shows similar outcomes because localization is readily available at those noise levels. In contrast, good performers who can achieve negative SNRs in the fixed location task are not able to localize at those SNRs, so the difference between their fixed and dynamic results is much larger. The loss of the ability to localize at negative SNRs is in agreement with the localization performance in noise for bilateral CI users evaluated by van Hoesel et al. (2008) , who using a loudspeaker array with a span of 180°found RMS errors in the range of 25°to 35°at an SNR of 0 dB. Similarly, Kerber and Seeber (2012) reported on bilateral CI users who were able to discriminate left from right at SNRs down to about −3 dB. Taken together, these results are encouraging in terms of practical outcomes because in many everyday situations, noise levels are likely to be limited to comparable levels. At those levels, localization is possible for bilateral but not unilateral implant users, so that the benefit of visual cues to speech understanding is more readily available to the former than the latter type of listener when talker location varies dynamically.
CONCLUSIONS
When target location varies dynamically, large audiovisual speech intelligibility benefits are available from the use of both ears rather than the better ear alone. The large bilateral benefit of almost 10 dB in this experiment was mainly due to improved access to visual cues, but also due to increased SNRs associated with more favorable head orientation, both of which derive from the ability to localize with two implants and not with one. The bilateral speech benefit over the better ear alone is much larger than reported in previous speech tests using static locations and audition alone. The results from the present experiment may largely explain subjective preference of bilateral over unilateral CI use in dynamic social settings.
